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Abstract 
To enrich protein at sub-microliter sample volumes, our group has developed a 
discontinuous buffer system which consists of an acid and a base inside a capillary. Upon 
voltage application, the protein moves towards and stacks at the pH junction. Prior to this 
work, we only focused on the protein enrichment and have not investigated the migration 
behaviour of various ions in this system. However, it is important to understand the 
mechanism of the migration of these ions, because the pH junction formation and further the 
protein enrichment are based on it. In this work, the ion migration patterns at the pH junction 
have been investigated by both experiments and computer simulation. The discovery of the 
mobility of the pH junction controlled by buffer composition allows us to remove unwanted 
background molecule from the enriched protein sample. 
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Chapter  1: Introduction to Capillary Electrophoresis and 
Mass Spectrometry for Sample Preparation 
and Protein Analysis 
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1.1 Protein Analysis 
Proteins are essential parts of organisms that control the vital functions, such as 
metabolism. In living cells, the formation of protein follows this procedure: First, the 
DNA sequence is transcribed into RNA, and then processed into messenger RNA, 
finally translated into the protein. Each protein has its own amino acid sequence and is 
involved in different process within cells. Thus, identifying certain proteins is an 
effective method for early disease detection.  
However, there are many challenges in protein identification. First, unlike static 
genes, proteins are highly dynamic and are expressed at different locations and times. 
Second, there are 30,000 different protein sequences in human cells, and proteins may 
be expressed as different forms due to posttranslational modifications, such as 
phosphorylated proteins. Third, the protein expressed in biological systems can range 
from 10 to 1,000,000 copies per cell.[1, 2] Fourth, the sample background is complex. 
One of the analytical methods that is able to overcome many of these challenges, mass 
spectrometry (MS), is demonstrated below. 
1.1.1 Analysis of Proteins by MS 
MS is an analytical technique that measures the mass to charge ratio of charged 
particles. It has been widely used for determining the mass or the composition of 
proteins dues to its high selectivity and sensitivity. A typical MS procedure is shown 
here: First, a sample is loaded onto the instrument and undergoes vaporization; second, 
charged particles are formed by ionization of the sample; third, according to the mass to 
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charge ratio, the charged particles are separated; fourth, these particles reach the 
detector and the signals are exported as the mass spectra. There are many ionization 
methods, but the most commonly used methods for protein analysis are electrospary 
ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI). Compared 
with other ionization methods, the advantage of these two methods is that they 
overcome the propensity of proteins to fragment when ionized, therefore called soft 
ionization techniques. In this section, these two soft ionization techniques are 
introduced, as well as the reasons for choosing MALDI MS as the protein analytical 
method have also been explained.  
One of the widely used tools for analysis of macromolecules is ESI MS, which 
was first described by John Bennett Fenn in 1984. Later in 2002, he was awarded with 
the Nobel Prize in Chemistry for his contribution to ESI technique development.[3] A 
typical ESI MS analysis process starts with a protein solution flowing through a 
capillary needle to an electrospray, and then the proteins ionize and fragment to 
predictable patterns. Eventually the intact ions and fragments pass into the mass 
analyzer and are detected. ESI MS has the advantage of allowing a continuous flow of 
liquid sample injected to the mass spectrometer under atmospheric pressure, which is 
ideal for tandem with chromatographic separation techniques, and so making the 
separation and analysis of proteins quick and convenient. However, a large distribution 
of peaks is often observed for one protein due to formation of multiple charges per 
molecule during ionization. To form the singly charged ions, another soft ionization 
technique, MALDI, is introduced below.  
4 
 
MALDI was first introduced in 1988 by Karas and Hillenkamp, and commonly 
used for protein analysis.[4] It is similar to ESI in regard to relative softness, but causes 
fewer multiply charged ions. In this soft ionization technique, a matrix (usually an 
organic acid) is mixed with the protein sample. This mixture is then deposited and dried 
on a MALDI target plate. The MALDI target plate is placed into a vacuum ion source 
where the mixture absorbs UV energy from a pulse laser. The matrix ionizes, 
dissociates, and changes to the gas phase. Then the protein sample is charged by 
transferring matrix charge. Several mechanisms of the ionization process have been 
proposed, but the essential part is that the matrix provides both desorption and 
ionization of the protein sample. Following ionization, various types of mass analyzer 
affect the path and/or velocity of the ions and thus these ions are separated according to 
their mass to charge ratio. In comparison with ESI, MALDI MS is considered to be 
more sensitive as it offers higher tolerance to contamination, and is more suitable for 
analysis of complex protein sample. 
As mentioned above, both ESI MS and MALDI MS have certain advantages in 
protein analysis. In this work MALDI MS was selected as the analysis tool for several 
reasons. One reason is that organic solvent is usually added to the aqueous sample 
solution to run the ESI MS. However, the sample preparation method that is used for 
this work required the organic solvent to be added manually before ESI MS. Another 
reason is that MALDI MS has higher tolerance to salts and buffers, which commonly 
exist in our protein sample. Therefore, MALDI MS is a simple and suitable way to do 
the protein analysis in this work.  
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In summary, both ESI and MALDI MS have been introduced in this section and 
MS is undoubtedly a powerful tool to analyze biological molecules. However, the 
limited complexity of the sample composition imposes a real limiting factor, and thus, 
an appropriate sample preparation method is still required, especially for low abundance 
proteins. As a critical step prior to protein detection, various types of sample preparation 
methods are illustrated in next section. 
1.1.2 Protein Sample Preparation 
Sample preparation is an important step in most analytical techniques. In order 
to successfully perform MS protein analysis, a series of sample preparation procedures 
are needed to purify proteins from other cellular components or impurities. The first 
step is to disrupt the membrane of extracted cells; the second step is to fractionate the 
cellular components into different fractions by ultracentrifugation. In each fraction, 
target proteins and other proteins/impurities exist together. The third step is to separate 
and enrich the targeted proteins. The focus of my research is the third step, and so 
different separation and enrichment methods are illustrated in this section.  
One commonly used protein separation method is the two dimensional gel 
electrophoresis. Proteins can be separated in two dimensions by their isoelectric point 
(pI) and molecular weight. In first dimension, the proteins move along the gel and 
accumulate at their isoelectic point upon the voltage application. In second dimension, 
after denaturing the proteins by sodium dodecyl sulfate (SDS), the negatively charged 
protein coated SDS allows migration and separation of proteins based on their 
molecular weight. The resultant proteins can be removed from gel by staining, and then 
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analyzed by MS to identify the proteins. This method has the advantage of resolving a 
large number of proteins. Therefore, it is especially good for separating proteins in a 
complex sample. Although this method has been widely used, the drawbacks of this 
method are limitations of sensitivity and overlapping of protein bands.  
Liquid chromatography (LC) is also a popular method to separate proteins in a 
mixture. The LC is carried out either in a column or a plane. First a sample mixture is 
dissolved in a liquid called the mobile phase, and then the mobile phase carries it 
through the stationary phase (a column/plane packed with various particles). The 
separation happens when the molecules in the sample mixture travel through the 
stationary phase at different speeds. After passing through the column, the mobile phase 
passes through a detector, and so the protein sample can be identified and separated by 
measuring different retention time. Nowadays, one type of LC, high performance liquid 
chromatography (HPLC) has been widely used. A high pressure is required in HPLC to 
move the mobile phase through the densely packed column. HPLC provides better 
separation on a shorter length column in comparison with other LC technique. The 
separated proteins can then be analyzed by MS in either offline or online way. In a 
recent review, Urban described the currently available methods and techniques 
commonly used in HPLC in tandem with MS for protein analysis.[5] Comparing with 
other separation methods, one drawback of the LC technique is that large amount of 
solvent needed. 
Up until this point, two separation methods have been illustrated and both of 
them required a large amount of protein sample. However, researchers normally only 
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have limited amount of sample, and thus it is important to minimize the required sample 
volume. One rapidly developing technique that can handle extremely small sample 
volumes (less than pico liters) is lab on a chip (LOC). It is a miniaturized device that 
combines several functions on a single chip. Recent advances in chip based protein 
separation provide faster and more convenient methods than conventional separation 
methods. One example is the two dimensional electrophoresis in a chip, which has the 
similar principle as the two dimensional gel electrophoresis. Each chip consists of one 
isoelectric focusing (IEF) channel for the first dimension separation and 29 parallel 
polyacrylamide gel electrophoresis (PAGE) channels for the second dimension 
separation. Detection is achieved using a laser induced fluorescence imaging system.[6] 
LOC technique allows fast analysis, better process control and low costs. However, as a 
novel technique, it is not yet fully developed. 
An alternative to LOC for the sample separation in a minimized volume is 
capillary electrophoresis (CE). CE is attractive in analytical chemistry as it offers high 
separation efficiency (very sharp peaks), and the ability to handle small-volume samples 
due to the low sample consumption in the capillary. Figure 1.1 shows a conventional 
CE system. Capillaries are usually made by fused silica with inner diameters (i.d.) of 25 
to 75 µm. The lengths of these capillaries vary typically from 10 to 100 cm. The inlet 
and outlet reservoirs contain the electrodes to connect the capillary ends with a high 
voltage power supply. The analyte is loaded into the capillary by replacing one of the 
reservoirs with an analyte solution, and then pressure is applied to push a plug of the 
analyte solution into the capillary. After replacing the buffers at the inlet and outlet, 
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voltage is applied and the separation is performed. Detection is achieved by positioning 
a UV-visible absorbance detector as shown in Figure 1.1. 
 
Figure 1.1 Schematic of capillary electrophoresis instrument. 
The electrophoretic separation is based on the differential velocities of analytes 
in an applied electric field. In general, small, highly charged analytes have fast 
electrophoretic effective mobility. After separation, a pressure can be applied to push 
the capillary content onto a MS target plate for further MS analysis. 
Compared with other separation tools, CE has several advantages: fast and 
efficient separation, small sample consumption, low cost of capillary, and simplicity of 
the instrumentation.[7, 8] Therefore, CE is chosen as the sample preparation method in 
this work. To get a better understanding of the CE system, details about the CE 
principles, the electro-osmotic flow (EOF), and various coating for capillary are 
discussed in Appendix 1. Moreover CE is not limited as a separation tool only, but 
extends as a sample preparation tool for protein enrichment and purification at small 
HV
electrode electrode
inlet outlet
fused silica capillary
detection 
window
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sample volumes.[9] In next section, various types of CE applications in sample 
preparation are demonstrated. 
1.2 Sample Preparation by CE  
One challenge involving protein analysis is that the protein expression in 
biological system spans over a wide range in concentration, and thus enrichment of 
analytes prior to separation and detection becomes a critical sample preparation step for 
low abundance proteins. For separations taking place in capillary- or microchannel-
formats, online enrichment techniques based on electrophoresis are available, and they 
are reviewed in references.[10-13] In this section, the developments of sample 
enrichment by CE, particularly the protein enrichment in a discontinuous buffer system 
are demonstrated in detail. 
1.2.1 In-Capillary Sample Enrichment 
In general, the enrichment mechanism is based on an abrupt reduction of 
analytes’ electrophoretic mobilities as they migrate across a buffer zone boundary inside 
the capillary. Such stacking behaviour can be induced by a change in local electric field 
due to differences in ionic conductivity. Alternatively, a pH change in buffer zones can 
be used to alter the mobilities of ionizable analytes. Different versions of in-capillary 
enrichment by pH changes are reviewed below.  
 Lunte and co-workers reported pH-mediated sample stacking of small MW 
cations[14] and anions,[15] such as catecholamines and vanillic acid, in a high ionic 
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strength background. This stacking was based on a neutralization of the sample zone 
pH, using a plug of strong acid (for cationic analytes) or base (for anionic analytes), in 
order to reduce the local conductivity. Analytes were therefore stacked as they exited 
the sample zone. Additional analytes enriched by this technique include cationic 
pharmaceutics[16] and glutathione in liver microdialysates.[17]  
Britz-McKibbin and colleagues developed a dynamic pH junction for the 
enrichment of weakly ionic analytes, including nucleotides, catecholamines, and weakly 
acidic compounds.[18-21] Therein, a sample plug prepared in a pH either higher or 
lower than the background electrolyte (BGE) was injected to create a pH junction. The 
analyte migrated towards the junction where it experienced a pH-induced mobility 
reduction and became stacked. The term dynamic referred to the short-lived nature of 
the pH junction, which quickly dissipated after stacking to facilitate the separation of 
enriched analytes. Applications of this technique have since included peptides[22, 23] 
and proteins.[24] 
 In a similar manner to the dynamic pH junction, Cao et al. reported the use of a 
moving reaction boundary (MBR) for the enrichment of zwitterionic analytes.[25] The 
operating process is analogous to the dynamic pH junction technique, where the sample 
is prepared in a pH different from the running buffer, and the analytes become stacked 
prior to dissipation of the pH junction and subsequent CZE separation. However, the 
reports by Cao and colleagues also focused on the theoretical development to 
understand the stacking mechanisms of this MRB, using amino acids as the model 
analytes.[26-28]  
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 eco ni in  that macromolec les s ch as proteins mi rate slo ly insi e the 
capillary  a prolon e  p    nction is a  anta eo s  or stac in  lar er  ol mes o  
protein samples   osp chal an  co-workers reported a micropreparative protein focusing 
apparatus, in which an acid and a base were placed at the two ends of an electric field, 
and the migration of H
+
 and OH
-
 inside a column resulted in a sustained neutralization 
reaction boundary (NRB).[29] Such a NRB was also studied by Cao et al. as a moving 
reaction boundary, as mentioned above.[27] The velocity and direction of the NRB 
movement is determined by the relative flux of H
+
 to that of OH
-
, which in turn depends 
on parameters including the ion mobility, ion concentration and local electric field. In 
 osp chal’s system, non-buffering electrolytes were used, and H+ and OH- were 
generated by electrolysis. This allowed variable control of H
+
 and OH
-
 fluxes and thus 
the NRB movement during a run. When proteins with relatively neutral pI were present, 
they acquired net charges in either the acid or the base, and migrated towards the NRB. 
The focusing of test proteins, myoglobin and insulin, was demonstrated in wide-bore 
columns with enrichment up to 30 folds.[29]  
In summary, the enrichment of small MW cations and anions, weakly ionized 
analytes, and zwitterionic analytes have successfully achieved by stacking them in the 
pH junction which is formed inside the capillary. Our group was also interested in the 
application of pH-mediated enrichment proteins, but focused on the use of commercial 
CE instruments. In the next section, a discontinuous buffer system that has been 
developed by our group, as well as the applications of this system for protein 
enrichment, is introduced. 
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1.2.2 Discontinuous Buffer System for Protein Enrichment 
Instead of electrolytic pH control, two buffers were used to generate the required 
prolonged pH junction. This is what we called discontinuous buffer system. One typical 
discontinuous buffer system that was developed by our group is demonstrated here. It 
consisted of a pH 4.75 ammonium acetate buffer (10 mM acetic acid, pH was adjusted 
to 4.75 by ammonium hydroxide) and a pH 9.25 ammonium acetate buffer buffer       
(10 mM ammonium hydroxide, pH was adjusted to 9.25 by acetic acid). The pH values 
of the discontinuous buffers were chosen to generate equal concentrations of [H
+
] and 
[OH
−
], while acid and base were selected to provide strong buffer capacity at pH 4.75 
and 9.25 respectively (pH ≈ pKa), and weak buffer capacity near pH 7. This setup 
allowed the creation of a sharp, step-shaped, pH junction inside a silica capillary upon 
voltage application, which was confirmed experimentally using UV-absorbing pH 
indicators.[30]  
Figure1.2 is a schematic of the experimental setup. With the acid placed at the 
anodic reservoir, and the base positioned at the cathodic reservoir, a pH junction was 
generated upon voltage application and enrichment factors up to 2000 were 
recorded.[31]  
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Figure 1.2 Schematic representation of protein preconcentration at the pH junction. 
Following this work, our group extended the use of pH junction to enrich model 
proteins, such as myoglobin (pI 7.2), amyloglucosidase (pI 3.6) and cytochrome c (pI 
10.6),[31] along with peptides from the tryptic digestion of myoglobin.[32] Importantly, 
further than the enrichment, the pH junction also served as a means of protein 
immobilization and facilitated in-capillary modifications of the enriched proteins, 
including proteolysis,[33] and purification to remove unwanted background ionic salt 
and buffer ions.[34, 35] 
To prevent the electro-osmotic flow (EOF) from flushing out the proteins and 
the pH junction prior to completion of enrichment, the silica capillaries were pretreated 
with a zwitterionic phospholipid, DLPC. This phospholipid forms a semi-permanent 
coating on the capillary inner walls and significantly reduces the EOF to the order of  
10
-5
 cm
2
V
-1
s
-1
.[36] An additional benefit of this DLPC coating was the minimization of 
protein adsorption on capillary wall.[36] Due to the non-zero EOF, the apparent 
neutralization reaction boundary (NRB) migration in this case was a sum of the intrinsic 
NRB mobility and the suppresssed EOF. Mesityl oxide was used to experimentally 
determine the EOF, while the enriched myoglobin peak was used to locate the NRB.  
-+ +
acidic buffer
pH Junction
EOF (suppressed)
detector
basic buffer
myoglobin
(zwitterionic at junction)
myoglobin
(cationic in acidic buffer)
++
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With the pH 4.75/9.25 discontinuous buffers, we previously observed that the 
enriched protein peak either overlapped or migrated closely with the EOF marker.[31] 
In other words, the apparent movement of NRB was mostly driven by the EOF, and the 
NRB mobility was relatively insignificant. This in turn suggested that a near-matching 
flux of H
+
 and OH
−
 existed in the chosen discontinuous buffers. In addition to the pH 
4.75 ammonium acetate buffer and pH 9.25 ammonium acetate buffer, discontinuous 
buffer systems based on other buffers and/or other pH values were also explored; e.g., 
pH 3.75 ammonium formate with pH 9.25 ammonium formate,[30] and pH 4.25 
ammonium acetate with pH 9.75 ammonium acetate buffers.[32, 33, 35] While 
successful enrichment was observed in all cases, it is apparent that the composition of 
the discontinuous buffers is a critical factor in determining the ion migration behaviour 
during enrichment, and thus a systematic study is important to better understand the 
effect of buffer choices on NRB movement and the mechanism of this enrichment 
technique. 
To study the migration of ions in our discontinuous buffers during enrichment, 
we have relied on the direct approach of monitoring the movements of UV-absorbing 
ions with the online CE detector. This included measuring the electro-osmotic flow 
(EOF) with mesityl oxide, displaying the pH profile with pH indicators,[30, 31] and 
monitoring the migration of UV-absorbing molecules such as proteins or background 
salt and buffering ions to be removed.[34, 35] However, the migration of the 
discontinuous buffer ions themselves (acetate and ammonium), being weakly or non-
UV absorbing, could not be monitored in this way. A conductivity detector coupled to a 
CE instrument would be useful to monitor these optically inactive ions,[37, 38] but 
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unfortunately it was not available to us. An indirect approach to investigate ion 
migration behaviours in CE is computer modelling based on the theories describing 
electrophoretic processes. 
1.3 Computer Simulation 
Computer simulation programs are available and have already been used in 
many CE applications, from zone electrophoresis to isoelectric focusing, and have 
recently been reviewed by Thormann et al.[39, 40] Examples of recent dynamic 
simulation models are GENTRANS,[41-43] Simul 5,[44] and SPRESSO.[45, 46] In this 
section, the focus is on the principles and the application of these simulation models. 
The computer models are based on partial differential equations in time and 
space (often in 1-D) that encompass electromigration including analyte charge and 
mobility, diffusion, and bulk flow to track the movement of each species in solution. 
These equations also incorporate the principles of electroneutrality, conservation of 
mass and charge, and dissociation-association equilibria of weak electrolytes and 
ampholytes.  
Both GENTRANS and Simul 5 have been applied to model systems consisting 
of pH junctions. Breadmore et al. experimentally demonstrated the formation and 
extinction of a pH junction for stacking analytes prior to separation, and were then able 
to gain further insight and clearly explain the theory of their observations using 
GENTRANS. This high resolution, transient simulation program incorporates up to 150 
components, including strong and weak electrolytes, ampholytes, peptides and proteins. 
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However, it is only available in the laboratories of the program developers at the 
Universities of Bern and Tasmania.[40, 43]  
Simul 5, on the other hand, is a  ree so t are o  ere  by  ro essor Boh sla  Gaš 
for public online download. It features a graphic user interface for ease of use, and runs 
on any current Windows computer. Simul 5 can simulate any number of multivalent 
components with good speed, and it can model the real-time progress of ion movements 
in a simulated capillary. The first application of Simul 5 on a pH junction technique was 
published by Kim et al. to investigate the focusing mechanism of weakly acidic analytes 
at a dynamic pH boundary.[21]  
Computer simulations were correlated with the experimental data to confirm that 
a migrating hydroxide eigenzone was responsible for the observed enrichment. 
Additionally, simulations were used to optimize the enrichment with sample pH and 
injection length. Britz-McKibbin continued to apply computer simulations to examine 
the enrichment, separation, and identification of metabolites using a combination of 
dynamic pH-junction and transient cationic isotachophoresis (tCITP).[47] Še č   an  
co-workers have also employed Simul 5 to explain the mechanism of stacking of 
weakly acidic analytes at a neutralization reaction boundary, where the pH junction, the 
isotachophoretic influences of the buffer regions, and the addition of an organic solvent 
were explored to explain the stacking mechanism.[48] 
In the above examples, the analytes were small, weakly ionic molecules injected 
as a small sample plug at a short-lived pH junction. In contrast, our work focused on 
significantly larger, and hence slower, protein analytes that required a prolonged pH 
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junction their enrichment. Our group started to use Simul 5 to model our discontinuous 
buffer system. In particular, it was applied to stimulate the migration behaviour of TRIS 
and phosphate during their removal, and to reveal the effect of phosphate on the 
migration of acetate and ammonium ions.[34] As expected the simulation results 
resembled the experimental results. Also, noteworthy was the observation of a slow 
moving NRB from the simulated results, as described by Cao et al.[27] However, this 
observation was not validated experimentally. It is of interest to explore how computer 
simulation could provide insight on the prolonged pH junction formation, maintenance, 
and manipulation. In this work, computer simulations play important roles in predicting 
the ions migration and explaining the NRB movement. 
1.4 Overview 
In this chapter, protein analysis, sample preparation techniques, and computer 
simulation have been introduced. The developments of sample enrichment by CE, 
particularly the protein enrichment in a discontinuous buffer system have been 
demonstrated in detail. However, prior to this work, our group only focuses on the 
protein enrichment and has not investigated on the migration behaviour of various ions 
in this system. Therefore, in following chapters, the focus is getting a better 
understanding of migration behavior of discontinuous buffers in CE during protein 
enrichment. In chapter 2, the apparatus and reagents are listed, and the details of the 
experimental setup, especially the simulation setup are illustrated. In chapter 3, a 
systematic investigation on the migration behaviour of the buffering ions and protein 
analyte ions is presented with experimental data and corresponding simulation results. 
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Also, the discovery of the pH junction controlled by buffer composition allows us to 
remove unwanted background molecule from the enriched protein sample. Chapter 4 is 
the conclusion and future work. 
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Chapter  2: Experimental 
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2.1  Apparatus 
An Agilent 
3D
Capillary Electrophoresis (Palo Alto, CA, USA) instrument with a 
direct UV-visible absorbance detector was used for all CE experiments. Data was 
collected by the Agilent 
3D
CE ChemStation software. Fused silica capillaries of 50 μm 
i.d. and 364 μm o.d. were purchased from Polymicro Technologies (Phoenix, AZ, 
USA). The capillaries were cut to a total length of 48.5 cm, with a length-to-detector of 
40.0 cm and they were thermostated to 25 °C during experiments. 
A Bruker Reflex IV MALDI time-of-flight mass spectrometer (Billerica, MA, 
USA) equipped with a 337 nm nitrogen laser was used for mass spectral analyses. 
2.2 Reagents 
Deioni e   ater (18 2 MΩ cm)  rom a Millipore  ater p ri ication system 
(Bedford, MA, USA) was used to prepare all solutions. A 0.1 mM 1,2-dilauroyl-sn-
glycero-3-phosphocholine (DLPC; Avanti Polar Lipids, Alabaster, AL, USA) solution 
was prepared in a 20 mM tris(hydroxymethyl)aminomethane (TRIS; Aldrich, St. Louis, 
MO, USA) and 20 mM calcium chloride (Caledon Laboratories, Georgetown, ON, 
Canada), and the pH of this solution was adjusted to pH 7.2 by hydrochloric acid (EM 
Science, Gibbstown, NJ, USA). Mesityl oxide (MO; Aldrich) was used as a neutral 
marker to mark original buffer junction. Acetic acid and ammonium hydroxide (EM 
Science, Gibbstown, NJ, USA) were used to make the buffer solutions. Myoglobin from 
horse heart (Sigma, St. Louis, MO, USA) was used as received. Benzoic acid (EM 
Science, Gibbstown, NJ) and benzylamine (Aldrich, St. Louis, MO) were used as the 
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UV-absorbing buffers. Urea (Sigma or EM Science) was used as received, and was 
added directly to the protein sample solutions. 
α-Cyano-4-hydroxy-cinnamic acid (CHCA; Sigma) was purified in ethanol 
(Fisher Scientific, Nepean, ON, Canada) according to the recrystallization procedure 
provided by Sigma/Aldrich. HPLC grade acetone (Fisher) and HPLC grade methanol 
(Caledon) were used in preparing CHCA matrix. 
2.3 EOF Measurement  
There are two convenient ways to measure the electro-osmotic mobility. In both 
ways mesityl oxide (MO) was introduced as an EOF marker. For high magnitude EOFs 
(>1.5×10
–4
 cm
2
V
-1
s
-1
), a band of MO was injected into the capillary which filled with 
buffer solution. The migration time of MO under a constant voltage was used to 
calculate the EOF by Equation 2.1.  
                                     
  
  
                                        (Equation 2.1) 
     
                   
      
                (Equation 2.2) 
                                 
 
  
                                               (Equation 2.3) 
     : EOF “Mobility” (m
2 
V
-1 
s
-1
)  
  :       Effective capillary length (m) 
  :      Total capillary length (m) 
  :       Migration time (s) 
V :      Voltage (V) 
  :      Electric field (V) 
  :      Velocity (m/s) 
      : Voltage application time (s) 
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For low magnitude EOFs (<1.5×10
–4
 cm
2
V
-1
s
-1
), the above method is not 
appropriate, because the EOF is low and very long migration times would result. The 
sequential injection method introduced by Vigh was used to determine the low 
magnitude EOFs.[1] As shown in Figure 2.1, two bands of MO were injected into the 
capillary and separated by buffer (step 1 to 3 in Figure 2.1). A short period of voltage 
application would cause these two bands move as a result of EOF. Then a third band of 
MO was injected, and pressure was used to push all three bands past the detector (step 5 
in Figure 2.1). Three peaks were observed, and the EOF was determined by Equations 
2.2 and 2.3.  
 
Figure 2.1 EOF measurements by sequential injection. Shadowed bands and peaks 
show the position of MO if EOF is zero. MO (   ). 
2.4 Protein Enrichment and Urea Removal  
New capillaries were washed by flushing (1 bar) with 0.1 M NaOH for 10 min, 
followed by water for 10 min. To minimize protein adsorption, a semi-permanent 
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coating of DLPC was used to modify the capillary inner wall by flushing (1 bar) with 
DLPC solution for 20 min. In between runs, the capillary coating was regenerated by 
flushing (1 bar) with DLPC solution for 10 min. The capillary was flushed (1 bar) with 
water for 5 min prior to storage. The DLPC coating was also reported to suppress the 
electro-osmotic mobility to roughly 10
-5
 cm
2
 V
-1
 s
-1
, with the actual values determined 
by pH and composition of the background electrolyte.[2]  
Our discontinuous buffers consisted of two buffers, an acidic buffer (ammonium 
acetate in pH 4.25), and a basic buffer (ammonium acetate in pH 9.75). The acidic 
buffer was prepared using various concentrations of acetic acid (10 mM to 50 mM), 
with the pH adjusted (between 4.25 and 5.25) by adding an appropriate amount of 
ammonium hydroxide. Comparing with other normal buffer preparation method, the 
unique point of our strategy is the choice of counter ions to adjust buffer pH value. Salt 
ions were not chosen here as the counter ions to form a sodium acetate buffer. The 
reason is that mobility of NRB is sensitive to the constitution of the discontinuous 
buffers. The adding of unnecessary ions disturbs the experimental results and thus 
should be avoided. Likewise, the ammonium hydroxide at various concentrations       
(10 mM to 50 mM) was adjusted to different pH values (from 8.75 to 10.25) with acetic 
acid to form the basic buffer. Myoglobin, at a concentration of 10 ng μL-1, was prepared 
in the basic buffer. Unless otherwise stated, the enrichment was conducted as previously 
reported;[3] that is, the capillary was first filled with the myoglobin sample in basic 
buffer (1 bar). Then a constant voltage (30 kV) was applied with the acidic buffer 
placed at the inlet (anode) and the basic buffer placed at the outlet (cathode). 
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 For UV-absorbing buffers system, the 5 mM benzoate (pH 4.25) replaced 
acetate as the acidic buffer, while 5 mM ammonium benzoate (pH 9.75) was the basic 
buffer. First the capillary was filled with half of acidic and half of basic buffer, and then 
a constant voltage (30 kV) was applied with the acidic buffer at the anode and the basic 
buffer at the cathode. Likewise, the 5 mM benzylamine (pH 9.75) replaced ammonium 
as the basic buffer, while 5 mM benzylamine acetate (pH 4.25) was the acidic buffer. 
For the urea removal experiment, 10 ng μL-1 myoglobin was prepared in basic buffer 
(pH 10.25) containing 1 M urea. First, the capillary was filled with the urea presented 
myoglobin sample in basic buffer by flushing (1 bar) for 3 min. Then a constant voltage 
(30 kV) was applied with the 20 mM acidic buffer (pH 5.25) placed at the anode and 20 
mM basic buffer (pH 10.25) placed at the cathode. All the CE results presented have 
been verified by triplicate experiments. 
2.5 Simul 5 
Simul 5 obtained online (web.natur.cuni.cz/~gas/) was used in all computer 
simulation experiments. Our discontinuous buffers system was input into Simul 5 as an 
isotachophoretic system, with a leading electrolyte (LE, the basic buffer) and 
terminating electrolyte (TE, the acidic buffer). A screenshot of Simul 5 setup is shown 
in Figure 2.2. The composition of buffers and analytes can be input in the upper right 
box. The acidic buffer of the discontinuous buffers was input as the terminating 
electrolyte (TE). For 20 mM ammonium acetate buffer (pH 4.25), by clicking the add 
button, acetic acid can be added from the database (default values are provided for the 
pKa and mobility), and the information about concentration and the electrolyte type can 
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be typed in. To adjust pH to 4.25, a 4.73 mM ammonium is added by the same way. pH 
can be monitored by clicking the pH (pink line) at the bottom graph of Figure 2.2. The 
basic buffer (20 mM ammonium acetate buffer, pH 9.75) was input as the leading 
electrolyte (LE) in a similar way. Different colour can be chosen for traces to 
distinguish between the ammonium ions in the TE and that in the LE, likewise for 
acetate in the TE and acetate in the LE.  For simplicity, the TE-LE traces of each of 
these ions were combined in the figures presented herein.  
Myoglobin is not in the Simul 5 database, so manual input of the pKa and 
mobility is needed. The pKa value of myoglobin was input into Simul 5 by tabulating 
the number and pKa values of the acidic and basic amino acid residues in its sequence: 
3.5 (C-terminal), 3.9 (aspartic acid), 4.1 (glutamic acid), 6.0 (histidine), 8.0                
(N-terminal), 10.5 (tyrosine and lysine) and 12.5 (arginine). When the overall charge of 
the protein was positive, the experimentally determined mobility of myoglobin in the 
acidic buffer was used (1.9 × 10
-4
 cm
2 
V
-1 
s
-1
), and when the overall charge was 
negative, the mobility of myoglobin determined in the basic buffer                             
(1.5 × 10
-4
 cm
2 
V
-1 
s
-1
) was entered.  
The length and other details of capillary can be setup in the run setup window. 
By clicking the Run Setup button, it shows up as at the right bottom of Figure 2.2. The 
setup was originally input as the real experimental conditions, but it took 24 hours to 
simulate a 500 sec run. To speed up the simulation, the capillary length was shorted by 
10 times, from 48.5 cm to 48.5 mm. However, the electric field was maintained as 
constant; i.e., the voltage was changed from 30 kV in 48.5 cm to 300 V in 48.5 mm. 
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After adjusting the setup, now it only takes 2 hours to simulate a 500 sec run.  
 
Figure 2.2 A screenshot of Simul 5 setup for simulating a discontinuous buffers system. 
In Simul 5, the EOF is handled as a separate, user-defined entry, which does not 
directly affect the simulation besides moving the entire capillary content forward. Since 
the EOF was variable in this case due to the different buffer pH values, a zero EOF was 
used in all simulation for simplicity. Without EOF pushing the flow toward cathodic 
direction in simulation, the movement of NRB can lead the pH junction moving toward 
anodic or cathodic direction. To ensure the trend of the pH junction movement can be 
accurately observed in Simul 5, an injection site of 10 mm was chosen for run setup. 
This is different from the position of initial pH junction (0 mm) in real experiments. 
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2.6 MALDI MS 
To facilitate MALDI MS analysis, layers of CHCA matrix were pre-deposited 
on the target plate, prior to sample deposition from the capillary. The first CHCA layer 
was 0.35 μL of 5 mg mL-1 CHCA in acetone and methanol (4:1 by volume), followed 
by the three layers of 0.2 μL of saturated CHCA solution in water/methanol (3:2 by 
volume) and 0.1 % TFA. The multiple layers of CHCA and TFA were required to 
acidify the sample which can contain basic buffers.  
To illustrate how to spot the sample from capillary to MALDI MS plate, a real 
experimental photo is shown in Figure 2.3. A pressure of 50 mbar was applied to push 
the capillary content onto a MALDI MS target plate, as previously described.[4] A 20 
sec deposition period was used to yield a spot volume of approximately 40 nL. Spotting 
was done by letting the sample (is pushed out from capillary by pressure) touches the 
target plate, which was pre-deposited with MALDI matrix. Up to 10 sample spots were 
collected per CE experiment.  
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Figure 2.3 An experimental photo of spotting the sample from the CE instrument to a 
MALDI MS target plate. 
All mass spectra of myoglobin were acquired in the positive ion, linear mode. 
Voltage settings were left at the pre set instrument default settings by Bruker (20 kV). A 
nitrogen laser was used. Each mass spectrum was a sum of 20 spectra from individual 
laser shots. Igor Pro 6.2 (WaveMetrics, Lake Oswego, OR, USA) was used to process 
the data for presentation.  
 
 
35 
 
2.7 References 
1. Williams, B. A.; Vigh, C., Fast, accurate mobility determination method for 
capillary electrophoresis. Analytical Chemistry 1996, 68 (7), 1174-1180. 
2. Cunliffe, J. M.; Baryla, N. E.; Lucy, C. A., Phospholipid bilayer coatings for the 
separation of proteins in capillary electrophoresis. Anal. Chem. 2002, 74 (4), 
776-783. 
3. Nesbitt, C. A.; Lo, J. T. M.; Yeung, K. K. C., Over 1000-fold protein 
preconcentration for microliter-volume samples at a pH junction using capillary 
electrophoresis. J. Chromatogr. A 2005, 1073 (1-2), 175-180. 
4. Jurcic, K.; Yeung, K. K., Sphingomyelins as semi-permanent capillary coatings 
for protein separations in CE and off-line analysis with MALDI-MS. 
Electrophoresis 2009, 30 (10), 1817-1827. 
 
 
 
 
 
 
 
 
36 
 
Chapter  3: Migration Behaviour of Discontinuous Buffers 
in Capillary Electrophoresis during Protein 
Enrichment 
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As described in chapter 1, CE is not only an effective separation technique, but 
can also serve as a sample preparation tool for enrichment and purification at            
sub-microliter sample volumes. Our approach is based on the use of a discontinuous 
buffer system consisting of an acid and a base (acetate and ammonium). Proteins with 
pI value between the pH values of these two buffers become stacked at the NRB. 
However, a systematic study to look at the effect of the migration behaviour of 
discontinuous buffers in CE during protein enrichment has not been investigated. In this 
chapter, after validating the accuracy of Simul 5 model on predicting the buffer ions 
movement, both simulation and experimental methods are used to reveal the ion 
migration patterns at the buffer junction. Specifically, the effects of pH and 
concentration of the discontinuous buffers on the stability and movement of the NRB, 
and in turn the enrichment of proteins, are investigated. 
3.1 Validation of Simulation on NRB 
Even though Simul 5 was previously applied to model our discontinuous 
buffers,[1] the focus was on the removal of unwanted background ions, TRIS and 
phosphate. In this work, our interest is on the discontinuous buffer ions, ammonium and 
acetate, in particular how they play a role in the migration of the NRB and in turn the 
enriched myoglobin. Thus, the task of utmost important is to validate the simulation on 
NRB with experimental data. In this section, to validate the accuracy of simulation, one 
commonly used discontinuous buffer system was chosen for the comparison of 
simulation and the real experiment. The differences between simulation and 
experiments are explained.  
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Simul 5 simulation was performed on a discontinuous buffer system with [H
+
] in 
the acid matching the [OH
−
] in base; namely 20 mM ammonium acetate (pH 4.25) and 
20 mM ammonium acetate (pH 9.75). A schematic illustrating the capillary content at 
the starting condition is shown in Figure 3.1. Specifically, 20 mM acetic acid with 4.73 
mM ammonium hydroxide was entered as the anolyte (TE); whereas 20 mM 
ammonium hydroxide with 4.73 mM acetic acid was entered as the catholyte (LE). 
Myoglobin was selected as the model protein due to its unique UV absorption at 408 
nm which allows easy identification. Details of simulation setup can be found in chapter 
2. One major difference between the experimental setup and the simulation setup is the 
position of the initial pH junction, whereas 10 mm for simulation, 0 mm for 
experiments. The reason is that a zero EOF is used in simulation for simplicity, and this 
setup makes sure that the trend of the pH junction movement is accurately observed in 
simulation. 
 
Figure 3.1 A schematic illustrating the capillary content at the starting condition for 
computer simulation. Yellow circles represent the analyte, myoglobin. 
This simulated discontinuous buffer system resulted in the pH step-junction of 
pH 4.25 and 9.75 shown in the initial simulation setup (t = 0 sec, green trace in           
-+ -- -
acidic buffer
pH 4.25
pH junction basic buffer
pH 9.75
enriched myoglobin myoglobin in original sample zone
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Figure 3.2 A). A noteworthy observation is the nearly identical initial ionic conductivity 
between the two sides of the pH junction (black trace in Figure 3.2 A). To minimize 
simulation time, a small plug, instead of a capillary full, of myoglobin was chosen as 
the sample zone (pink trace in Figure 3.2 A). The predicted concentration profiles of 
various ions after 100, and 1000 sec of voltage application are shown in Figure 3.2 B     
and C. 
 Importantly, it predicted the continued presence of a sharp pH junction and the 
accumulation of myoglobin as a narrow band which coincided with this pH junction. 
The conductivity trace was no longer constant across the pH junction. A small drop was 
located on the anodic side next to the pH junction, which appeared to reflect the 
decrease in the acetate concentration. Finally, a shift in pH junction position indicated a 
cathodic NRB movement. (A video of the simulation process under this condition has 
been posted on the youtube, and the link is 
http://www.youtube.com/watch?v=RSeIZ7wOuPA ) 
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Figure 3.2 Simulated conductivity, pH and ion concentration profiles at: (A) time = 0 
sec, (B) time = 100 sec, and (C) time = 1000 sec. Acetate ion conc. (—), conductivity 
(—), ammonium ion conc. (—), pH (—), and myoglobin conc. (—). Inset displays a 
magnified view of the myoglobin peak.  
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To validate the simulation results, an enrichment experiment was performed 
with the same discontinuous buffer composition. In contrast to the starting conditions 
used in Simul 5, the entire capillary was initially filled with myoglobin prepared in the 
basic buffer. Hence, the pH junction initiated between the basic buffer inside the 
capillary tip and the surrounding acidic buffer in the anodic reservoir.  
Another condition that was different between the simulation and experiment was 
the EOF. In Simul 5, the EOF was treated as zero, and thus the pH junction movement 
was solely a result of the moving NRB between the two buffers. In the actual 
experiment, a suppressed EOF existed in the DLPC coated capillaries. Hence, the pH 
junction was also mobilized by the EOF, and therefore the apparent migration of the 
NRB/pH junction was a sum of the intrinsic NRB mobility and the EOF. To determine 
this EOF a plug of MO was injected at the anodic end of the capillary to mark the 
location of the initial buffer boundary (Figure 3.3). 
 
Figure 3.3 A schematic depicting a cathodic NRB during myoglobin enrichment. 
-- -
--
-
acidic buffer
pH 4.25
detector
basic buffer
pH 9.75
myoglobin in original sample zone
- -
mesityl oxide
-+ ---
acidic buffer
pH 4.25
EOF (suppressed) basic buffer
pH 9.75
enriched myoglobin myoglobin in original sample zone
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Figure 3.4 displays the absorbance signals recorded at 200 and 254 nm as the 
enriched myoglobin and MO passed the detection point. The figure inset is an enlarged 
view of the myoglobin signal showing the peak shape. In this particular trial, the 
myoglobin peak preceded the MO peak by approximately 2 min.  
 
Figure 3.4 UV absorbance signals recorded at 200 (—) and 254 nm (---) to reveal the 
presence of myoglobin and MO, respectively, during enrichment with discontinuous 
buffers (20 mM) of pH 4.25 and 9.75. Inset displays a magnified view of the myoglobin 
peak. 
 However, the migration times of these peaks were found to vary between runs. 
The mean and standard deviation based on 20 replicates were 21.7 and 4.8 min for 
myoglobin, and 22.6 and 4.8 min for MO (Table 3.1). The close similarity in standard 
deviations suggested that the variability of the migration times was caused 
predominantly by the EOF.  
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Table 3.1 Migration times of myoglobin and MO peaks in 20 runs during enrichment 
with discontinuous buffers (20 mM) of pH 4.25 and 9.75. 
Run 1 2 3 4 5 
tmyo (min) 27.96 15.24 22.49 18.83 20.63 
tMO (min) 30.05 16.86 22.59 18.31 20.98 
µEOF (cm
2
V
-1
S
-1
) 3.59E-05 6.39E-05 4.77E-05 5.89E-05 5.13E-05 
Run 6 7 8 9 10 
tmyo (min) 17.27 18.96 25.23 19.6 31.12 
tMO (min) 19.48 19.62 25.83 20.56 32.98 
µEOF (cm
2
V
-1
S
-1
) 5.53E-05 5.49E-05 4.17E-05 5.24E-05 3.26E-05 
Run 11 12 13 14 15 
tmyo (min) 20.4 22.35 18.47 21.82 23.01 
tMO (min) 21.52 21.89 19.08 22.89 25.28 
µEOF (cm
2
V
-1
S
-1
) 5.01E-05 4.92E-05 5.64E-05 4.71E-05 4.26E-05 
Run 16 17 18 19 20 
tmyo (min) 16.09 26.91 20.24 31.66 15 
tMO (min) 17.12 28.85 20.8 30.12 16.41 
µEOF (cm
2
V
-1
S
-1
) 6.3E-05 3.74E-05 5.18E-05 3.58E-05 6.57E-05 
      
 
Average for tmyo (min) 21.66 
 
 
Standard deviation for tmyo 4.82 
 
      
 
Average for tMO (min)  22.56 
 
 
Standard deviation for tMO 4.80 
 
 
Average for µEOF (cm
2
V
-1
S
-1
) 4.97E-05 
 
 
Standard deviation for µEOF 9.70E-06 
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Presumably one would determine the electro-osmotic mobility based on the 
migration time of the MO. However, this was not feasible in this case due to the EOF in 
a DLPC modified capillary was previously determined to vary by pH.[2] Thus in the 
discontinuous buffer system, EOF does not keep a constant value through the capillary, 
but has one value in acidic buffer and another value in basic buffer. 
 For 20 mM pH 9.75 ammonium acetate buffer, EOF can be measured by 
Equation 2.1. As shown in Figure 3.5 A, the time of MO peak is 8.35 min, so the EOF 
is 1.3 × 10
-4
 cm
2 
V
-1 
s
-1
. For 20 mM pH 4.25 ammonium acetate buffer, the sequential 
injection method was used to determine the EOF. Three MO peak time are 15.46, 17.58, 
and 19.71 min, and the EOF is 2.5 ×10
-7
 cm
2 
V
-1 
s
-1 
(Figure 3.5 B). In other words, a 
faster EOF occurred at the beginning of the run when the capillary was mostly filled 
with the pH 9.75 buffer, and a slower EOF occurred at the end of the run when the 
capillary was mostly filled with pH 4.25 buffer. 
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Figure 3.5  (A) UV absorbance signal recorded at 254 nm to measure EOF in 20 mM 
pH 9.75 ammonium acetate buffer; (B) UV absorbance signal recorded at 254 nm to 
measure EOF in 20 mM pH 4.25 ammonium acetate buffer. 
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As the run proceeded, the EOF gradually slowing itself was due to the increase 
of the acidic buffer in the capillary. As a result, the exact NRB mobility could not be 
determined simply by subtracting the EOF. Instead, the difference in migration times 
(tMO-tmyo) was determined for each of the 20 trials. An average of 0.9 min was obtained, 
with a standard deviation of 1.0 min. (data not shown) Such results at least allowed us 
to conclude a cathodic, near-zero, NRB movement, which in turn validated the 
simulated small cathodic NRB movement observed in Figure 3.2 C. 
As a conclusion, a discontinuous buffer system, 20 mM ammonium acetate 
buffer (pH 4.25) and 20 mM ammonium acetate buffer (pH 9.75), was chosen for 
simulation and experimental setup. Both the simulation and experimental result showed 
a cathodic NRB movement in this discontinuous buffer system, and thus the accuracy of 
simulation was validated.  
3.2 Ion Migration Behaviour Determined Using              
UV-Absorbing Ions 
Up until this point, we focused primarily on the pH profile of the discontinuous 
buffers in the simulated results obtained from Simul 5. In this section, the purpose of 
this work is to visualize the migration of buffer ions, we will examine the migration of 
acetate and ammonium ions in the simulation results during protein enrichment, and 
compare them to experimental data obtained using UV-absorbing buffers ions, 5 mM 
benzoate (pH 4.25) and 5 mM benzylamine (pH 9.75) to reveal the migration of acetate 
and ammonium ions respectively.  
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The experimental setup shows in Figure 3.6. First the capillary was filled with 
basic buffer, and then the acidic buffer was injected to push the pH junction into the 
middle of the capillary. After 600 sec of voltage application, 30 mbar pressure was 
applied to push the pH junction past the detector. The value of 5 mM was chosen for 
UV-absorbing buffers since this concentration was high enough to get the absorbing 
signal by UV detector. And 600 sec was chosen since it was long enough to examine the 
migration behaviour. 
 
Figure 3.6 (A) Experimental setup to determine the migration of benzoate ions in 
discontinuous buffers during voltage application. (B) Experimental setup to determine 
the migration of benzylamine ions in discontinuous buffers during voltage application. 
The simulation setup of UV-absorbing ions benzoate/benzylamine is illustrated 
below. To reveal the migration of acetate ion by benzoate ion, the TE consisting 5 mM 
benzoic acid and 2.58 mM ammonium represent the pH 4.25, 5 mM ammonium 
benzoate buffer as anolyte. The LE consisting 5 mM ammonium and 1.14 mM benzoic 
acid represent the pH 9.75, 5 mM ammonium benzoate buffer as catholyte. To reveal 
the migration of ammonium ion by benzylamine ion, the TE consisting 5 mM acetic 
acid and 1.14 mM benzylamine represent the pH 4.25, 5 mM benzylamine acetate 
buffer as anolyte. The LE consisting 5 mM benzylamine and 1.32 mM acetic acid 
detector
pH 4.25 benzoate 
(adjusted with ammonium)
pH 9.75 ammonium
(adjusted with benzoic acid)
-+ -+
Step 1.
Capillary filled with half of each
buffer
Step 2.
Voltage application to induce buffer
ion migration
Step 3.
Pressure mobilization for detection
pH 4.25 acetate 
(adjusted with benzylamine)
pH 9.75 benzylamine
(adjusted with acetic acid)
detector
BA
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represent the pH 9.75, 5 mM benzylamine acetate buffer as catholyte. The initial 
injection site was 20 mm, which differed from previous setup (10 mm) for simulation 
process. This change of setup helps to observe the ion concentration evenly on both 
sides of pH junction.  
 
Figure 3.7 (A) Simul 5 results predicting the location of benzoate at 600 sec. Initial 
buffer junction at 20 mm; (B) Experimental results obtained after 10 min of voltage 
application under the setup illustrated in Figure 3.6 A. (C) Simul 5 results predicted the 
location of benzylamine at 600 sec. Initial buffer junction at 20 mm; (D) Experimental 
results obtained after 600 sec of voltage application under the setup illustrated in      
Figure 3.6 B. 
The simulation and experimental results are shown in Figure 3.7. For the 
migration of acidic buffer, the simulation result showed it moved in the anodic direction 
(Figure 3.7 A), and the experimental result (Figure 3.7 B) resembled the simulation 
result. Comparing the ammonium benzoate buffer (pH 4.25) with the ammonium 
acetate buffer (pH 4.25) that we used in the protein enrichment process, the benzoate 
ion migrated to the opposite direction compared to acetate ion. The reason is the pKa 
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value and the mobility difference between benzoate and acetate. For the migration of 
basic buffer, both the simulation and experimental results demonstrated a cathodic 
direction movement of benzylamine (Figure 3.7 C and D). Also, the migration of 
benzylamine was at the same trend as ammonium.  
In conclusion, the experimental results of benzoate/benzylamine overall 
resembled the simulation results, this confirms the accuracy of Simul 5 in predict the 
ion migration behavior. This again proves Simul 5 is an excellent tool to predict the ions 
migration behaviour, the next step is to utilize simulation to get a better understanding 
about the effects of buffer ions on the NRB movement. 
3.3 Discontinuous Buffer pH  
Our research on discontinuous buffer systems was initially conducted with pH 
4.75 and pH 9.25 ammonium acetate buffers,[3] and more recently with pH 4.25 and pH 
9.75 ammonium acetate buffers.[2, 4, 5] The pH values of these buffers were selected to 
generate equal concentrations of [H
+
] and [OH
−
], and thus, a near-zero NRB movement 
was expected. Additional buffers examined previously included phosphate, TRIS, 
formate and citrate. Successful myoglobin enrichment was only observed for two 
additional buffer pairs, pH 3.75 ammonium formate with pH 9.25 ammonium formate, 
and pH 4.75 TRIS acetate with pH 8.0 TRIS acetate.[6] However, the NRB movements 
in these buffers were not determined at that time. Thus, in this section, a systematic 
study on the effect of buffer pH on the NRB movement is presented. 20 mM ammonium 
acetate buffer with various pH combinations were chosen to build discontinuous buffer 
systems.  Both simulation and experimental results are presented.  
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The pH combination of 4.75/9.75 was chosen as an example to illustrate the 
simulation and experimental setup. Figure 3.8 is a demonstration of the simulation setup 
for this pH combination. The initial pH junction was setup at 10 mm because of the 
same reason mentioned in chapter 2. To form 20 mM ammonium acetate buffer         
(pH 4.75), 20 mM acetic acid with 4.73 mM ammonium hydroxide was input as the 
anolyte (LE), whereas 20 mM ammonium hydroxide and 4.73 mM acetic acid was 
entered as the catholyte (TE) to form 20 mM ammonium acetate buffer (pH 9.75). To 
simplify the system, the myoglobin plug was not put into the simulation process and it 
would not affect the mobility of NRB. 
 
Figure 3.8 A schematic illustrating the capillary content at the starting condition of the 
computer simulation.  
As shown in Figure 3.9 A, a pH step-junction of pH 4.75 and 9.75 was formed 
in the initial simulation setup. An interesting observation is that the initial ionic 
conductivity in the acidic buffer is higher than basic buffer. Figure 3.9 B and C shows 
the simulation results at 100 and 1000 sec. The conductivity kept higer in the acidic 
buffer than in the basic buffer. A noteworthy observation is that the NRB moved 
-+
acidic buffer
pH 4.75
pH junction basic buffer
pH 9.75
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towards anodic direction, which is the opposite direction comparing with NRB 
movement under the pH combination of 4.25/9.75. 
 
Figure 3.9 Simulated conductivity, pH and ion concentration profiles at: (A) time = 0 
sec, (B) time = 100 sec, and (C) time = 1000 sec. Acetate ion conc. (—), conductivity 
(—), ammonium ion conc. (—), and pH (—). 
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To validate the simulation results, a protein enrichment experiment was 
performed with the same discontinuous buffer composition. The experimental 
conditions were set as those in Figure 3.3, with the only variable being the pH of the 
two buffers (from 4.25/9.75 to 4.75/9.75). Figure 3.10 is the experimental result, where 
the purple line stands for the peak of enriched protein at 200 nm and the dash line stands 
for the peak of MO at 254 nm. This determined an anodic NRB movement, which 
validated the simulated anodic NRB movement in Figure 3.9. Significantly, the reversed 
direction of NRB movement under 4.25/9.75 and 4.75/9.75 confirmed the importance of 
understanding the migration behaviour of discontinuous buffers during protein 
enrichment. So our next step is to test the movement of NRB under various pH 
combinations. 
 
Figure 3.10 UV absorbance signals recorded at 200 (—) and 254 nm (---) to reveal the 
presence of myoglobin and MO, respectively, during enrichment with discontinuous 
buffers of pH 4.75 and 9.75.  
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Table 3.2 lists the various pH combinations used for our simulations and 
experiments (the concentrations of the two buffers were kept at 20 mM).  The pH values 
were chosen to provide a wide range of [H
+
]/[OH
-
] ratios, and thus large differences in 
the relative ion flux between H
+
 and OH
−
, in order to induce significantly different NRB 
movements.  
Table 3.2 [H
+
]/[OH
-
] ratios of various discontinuous buffer combinations. 
 
In all simulation results obtained from the various discontinuous buffer 
combinations, pH trace profiles are picked and shows in Figure 3.11 A. To illustrate the 
differences in NRB velocities, the positions of pH traces at t = 1000 sec were chosen, 
with the initial position (t = 0 sec) marked by a dashed line. The pH traces on the right 
Acid buffer pH  Basic buffer pH [H
+
] [OH
-
] [H
+
]/[OH
-
] 
4.25 8.75 5.6E-05 5.6E-06 10 
4.25 9.25 5.6E-05 1.8E-05 3.1 
4.25 9.75 5.6E-05 5.6E-05 1 
4.25 10.25 5.6E-05 1.8E-04 0.31 
4.75 9.75 1.8E-05 5.6E-05 0.31 
5.25 9.75 5.6E-06 5.6E-05 0.1 
5.25 10.25 5.6E-06 1.8E-04 0.031 
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side of the dashed line indicate forward cathodic NRB movements; whereas pH traces 
on the left side indicate reverse anodic NRB movements.  
To obtain the corresponding experimental data, myoglobin enrichment was 
conducted with the same list of discontinuous buffers in Table 3.2. In each experimental 
result, a myoglobin peak along with an MO peak was observed. As discussed, the NRB 
velocity and the varying electro-osmotic mobility (marked by MO peak) together 
determined the migration time of the myoglobin peak. To focus on changes in the NRB 
velocity, the myoglobin signals were shifted in time (the x-axis direction) to align the 
MO peaks to 0 min (Figure 3.11 B). As a result, myoglobin peaks observed before the 
MO peaks indicate cathodic NRB movements, while myoglobin peaks detected after 
MO indicate anodic NRB movements. 
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Figure 3.11 (A) Simulated locations of pH junctions at 1000 sec with discontinuous 
buffers of various pH combinations. (B) Experimental results of the enriched myoglobin 
peaks obtained with discontinuous buffers of various pH combinations. The traces were 
aligned to position the MO peaks at 0 min. The pH values of acidic/basic buffer were: 
5.25/10.25 (—), 4.25/10.25 (—), 5.25/9.75 (—), 4.75/9.75 (—), 4.25/9.75 (—), 
4.25/9.25 (—), 4.25/8.75 (—), and MO (---).  
The most important observation from comparing the simulated and experimental 
results was the identical order, from most anodic to most cathodic NRB movements. 
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This again confirmed that Simul 5 was an excellent tool in predicting the ion migration 
behaviours during protein enrichment with our discontinuous buffers. Generally, the 
NRB moved in the cathodic direction when [H
+
]/[OH
-
] was larger than 1, and moved in 
the anodic direction when [H
+
]/[OH
-
] was smaller than 1. Larger NRB movements were 
observed when the difference between [H
+
] and [OH
-
] was greater.  
The only exception was the pH 4.25/10.25 buffer pair, where the NRB velocity 
was faster than predicted according to the order in [H
+
]/[OH
-
] ratio. Likewise, for the 
buffer pair of pH 4.25/9.75, where [H
+
] was equal to [OH
-
], a small cathodic NRB 
displacement was predicted and observed. Under these two observations where pH 
alone could not explain the behaviour, one could attribute the results to the other two 
parameters that determine H
+
 and OH
−
 flux, namely the local ionic conductivity and 
mobility of H
+
 and OH
−
. For example, the conductivity for pH 4.25/9.75 buffer pair, 
according to Figure 3.2 C, was lower on the anodic side of NRB than that on the 
cathodic side, and thus leads to a cathodic NRB movement. 
Another factor likely contributed to the observed NRB movements is the 
mobility of the H
+
 (350 m
2 
V
-1 
s
-1
) is higher than that of OH
-
 (198 m
2 
V
-1
 s
-1
).[7] Figure 
3.12 is a demonstration of the movement of H
+
 and OH
-
 inside the capillary with         
20 mM discontinuous buffers of pH composition 4.25/9.75. Upon voltage application, 
the H
+
 from acidic buffer moved toward pH junction and encountered the OH
-
 from 
basic buffer, so a water boundary formed. However, this boundary was not stay at the 
same position and actually moved toward cathodic direction. This was because the 
mobility of the H
+
 was higher than that of OH
-
, which pushed the pH junction moved 
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towards the OH
-
 direction. Thus the different mobility of H
+
 and OH
-
 can be caused the 
change of the NRB moving direction. 
 
Figure 3.12 A demonstration of the movement of H
+
 and OH
-
 inside the capillary with 
discontinuous buffers of pH 4.25 and 9.75. 
Other than the NRB movement, another noteworthy observation in             
Figure 3.11 B was the different peak shapes of the enriched myoglobin. Sharp, single 
peaks resulted in four discontinuous buffer combinations, and broad split peaks were 
observed in three buffer pairs, namely pH 4.75/9.75, 5.25/9.75, and 5.25/10.25. 
Importantly, Simul 5 also predicted more gradual pH transitions, at the basic side of the 
junction, for these three buffer pairs (Figure 3.11 A). Furthermore, the broadening of the 
pH junction (green line) coincided with a large drop in conductivity (black line) in all 
three cases (Figure 3.13 E, F, and G). Hence, we speculated that the proteins were 
stacked first by the conductivity rise as they approached the junction from the basic 
buffer, and subsequently focused a second time when they reached the centre of the pH 
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junction, resulting in the observed peak splitting.  
 
Figure 3.13 Simulation results of discontinuous buffers under various pH combinations 
at t = 1000 sec. The pH values of acidic/basic buffer were: (A) 4.25/8.75, (B) 4.25/9.25, 
(C) 4.25/9.75, (D) 4.25/10.25, (E) 4.75/9.75, (F) 5.25/9.75, and (G) 5.25/10.25. Panels 
(A-D) correspond to single myoglobin peaks observed in Figure 3.11 B.  Panels (E-G) 
correspond to split myoglobin peaks observed in Figure 3.11 B. Acetate conc. (—), 
conductivity (—), ammonium conc. (—), and pH (—). Computer simulation conditions 
were same as in Figure 3.11 A.  
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In this section, various pH combinations of discontinuous buffer system have 
been chosen to study the effect of buffer pH on the NRB movement. From both the 
simulation and experimental results, the NRB moved in the cathodic direction when 
[H
+
]/[OH
-
] was larger than 1, and moved in the anodic direction when [H
+
]/[OH
-
] was 
smaller than 1. The split peak observed in Figure 3.11 illustrated the importance of 
background buffer ions and the effects they can have on the pH junction formation. 
Therefore, additional investigation into the role of the discontinuous buffer ions 
continues in the next section.  
3.4 Discontinuous Buffer Concentration 
Previous enrichment experiments in our laboratory with discontinuous buffers 
were typically performed at equal concentrations of acidic and basic buffer, 10 or 20 
mM. In this section, the formation of a pH junction and the movement of a NRB are 
examined with discontinuous buffers (pH 4.25/9.75), under various concentrations of 
acidic/basic buffer: 10/10, 10/50, 50/10, and 50/50 mM. 
 Simul 5 model were conducted with these four buffer pairs. Figure 3.14 shows 
the pH junction locations and profiles after 1000 sec of voltage application. It predicted 
significant cathodic NRB movements at buffer concentrations (acidic/basic buffer) of 
10/10 and 10/50 mM (Figure 3.14 A and B), and near-zero NRB movements at 50/50 
and 50/10 mM (Figure 3.14 C and D).  
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Figure 3.14 Simulation results of discontinuous buffers under various concentrations 
(acetate/ammonium, mM/mM) at t = 1000 sec: (A) 10/10, (B) 10/50, (C) 50/50, and      
(D) 50/10. Acetate conc. (—), conductivity (—), ammonium conc. (—), and pH (—). 
Initial buffer junction at 10 mm, the computer simulation setup same as in Figure 3.1.  
Myoglobin enrichment experiments were performed using the same four buffer 
pairs. An injection of a MO plug was used again to mark the initial position of the 
buffer interface for EOF determination. Triplicate experiments were conducted. In each 
case, a myoglobin peak and a MO peak were obtained (Figure 3.15). The NRB moved 
towards cathodic direction at buffer concentrations (acidic/basic buffer) of 10/10 and 
10/50 mM (Figure 3.15 A and B). Near-zero NRB movements observed at 50/50 mM 
(Figure 3.15 C), and NRB moved towards anodic direction at 50/10 mM               
(Figure 3.15 D).  
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Figure 3.15 Experimental results of myoglobin enrichment under various 
concentrations (acetate/ammonium, mM/mM) at t = 1000 sec: (A) 10/10, (B) 10/50,      
(C) 50/50, and (D) 50/10. The pH of all discontinuous buffers were held at pH 4.25 and 
pH 9.75, myoglobin (—), MO(---).   
As in section 3.1, significant run-to-run variability in migration times due to 
EOF fluctuation was also observed here. To best illustrate the differences in NRB 
movements obtained from the four buffer pairs, while accounting for run-to-run 
variability, the migration time differences between MO and myoglobin (tMO – tmyo) from 
triplicates are shown in Figure 3.16. Positive values of tMO – tmyo indicate cathodic NRB 
movements, while negative values refer to NRB movements in the anodic direction.  
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Figure 3.16 The migration time differences between MO (tMO) and myoglobin (tmyo) 
from triplicates (each bar represents one experiment) obtained at various discontinuous 
buffer concentrations. 
Taking run-to-run variation into account, the experimental data generally 
supported the simulation results. That is, Simul 5 correctly predicted similarly 
significant cathodic NRB movements with buffer concentrations of 10/10 and 10/50 
mM, and relatively slower NRB movements with the concentrations of 50/10 and 50/50 
mM. While the direction of NRB movement at 50/50 mM was opposite to the simulated 
direction, such a NRB could be regarded as near-zero where the direction became less 
significant. 
Interestingly, based on the four buffer concentrations studied, it appeared that 
the NRB movement was mainly determined by the concentration of the acetate, and less 
affected by the concentration of the ammonium. After reviewing the full Simul 5 data, 
10/10         10/50      50/50       50/10
Acetate/Ammonium (mM/mM)
-1
-0.5
0
0.5
1
1.5
t M
O
–
t m
yo
(m
in
)
63 
 
the conductivity profile near the pH junction appeared to explain the NRB movements 
observed in Figure 3.14. In the buffer pairs of 10/10 and 10/50 mM, the conductivity on 
the anodic (acid) side of the pH junction was lower, and thus promoted higher H
+
 flux 
and cathodic NRB movements. In the 50/50 mM buffer pair, the conductivity profile 
was symmetrical across the pH junction, and a negligible NRB movement was obtained. 
Finally, for the 50/10 mM buffer pair, a higher conductivity was obtained on the anodic 
side, which resulted in an anodic, albeit very small, NRB movement. 
In summary, by comparing the changes in NRB movements influenced by buffer 
pH (Figure 3.11) and buffer concentrations (Figure 3.14 and Figure 3.15), one can 
generalize that the buffer pH is a more effective parameter in manipulating and control 
the NRB compared to buffer concentration.  
3.5 Protein Enrichment and Purification from Urea 
3.5.1 Urea Removal by Discontinuous Buffers System 
The above experimental and simulation results provide the information for one 
to understand and control the NRB movement in discontinuous buffers. In this section, 
it is illustrated how a fast moving NRB can actively mobilize the enriched proteins 
away from the original sample zone, which can be beneficial for purifying samples 
containing unwanted background molecules that bear a neutral net charge.  
For illustration, urea will be used as a model neutral background molecule. It is 
a common protein denaturant that unfolds proteins by disrupting the non covalent 
interactions,[8, 9] and can be used to elute affinity-captured proteins.[10] However, the 
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presence of urea can suppress the mass spectral signals of proteins, likely due to a 
decrease of evaporation efficiency.[11] Solid phase capture of proteins and peptides is 
the most common approach of urea removal.[12-14] Herein, a non sorptive-based, sub-
microliter volume purification is proposed by performing protein enrichment with 
discontinuous buffers that generate a moving NRB. Such NRB movement is expected to 
carry the enriched protein molecules far away from the unwanted neutral background 
present in the initial sample zone. 
The sample consisted of 10 ng μL-1 myoglobin and 1 M urea, prepared in the 
basic buffer. It was injected to fill the capillary at the beginning of the run, to provide an 
injection volume of ca. 1 μL (Figure 3.17 A). In this setup, an anodic NRB movement 
was required to move the enriched myoglobin away from the sample zone. Based on the 
results in Figure 3.11, the largest anodic NRB movement was recorded with acidic 
buffer at pH 5.25 and basic buffer at pH 10.25, and thus they were selected for this 
experiment (concentration at 20 mM). 
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Figure 3.17 (A) Schematics illustrating the experimental setup and proposed ion 
migration behaviours during myoglobin enrichment and simultaneous urea removal. (B) 
UV absorbance signals at 200 (—) and 254 nm (---) during the experiment. Insets 
display the UV absorption spectra of the indicated regions. 
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 Figure 3.17 B displays the UV absorption signal recorded during the 
enrichment and purification. Urea, at high concentration, absorbs significantly at       
200 nm, and was detected as a long rectangular plug between 0-13 min as the capillary 
content was mobilized by the residual EOF. Subsequently, two peaks were recorded, at 
approximately 17 and 18 min. To help determine their identity, UV absorption spectra 
were collected and are shown as insets in Figure 3.17 B. The characteristic heme 
absorption at 408 nm indicated the second peak at 18 min. as myoglobin. Hence, a        
5 min separation between the myoglobin peak and the urea zone resulted, which was 
estimated to be roughly 250 nL in volume. This large separation was highly 
advantageous later when performing fraction collection for offline MALDI MS 
analysis. However, by comparing the first peak (17 min) to the spectra of urea             
(0-13 min) and myoglobin (18 min), it seems like that the first peak at 17 min does not 
belong to urea or myoglobin. Thus next section is to identify of this unknown peak.  
3.5.2 Identification of the Unknown Peak 
To determine the origin of the first peak at 17 min. Blank experiments were 
conducted without the presence of myoglobin. The experimental setup is shown in 
Figure 3.18. The same discontinuous buffer system was used (20 mM acidic buffer at 
pH 5.25 and 20 mM basic buffer at pH 10.25). First the capillary filled with urea 
presented basic buffer, then inject a small band of neutral marker, MO, to label initial 
pH junction. The second step was upon the voltage application, the urea moved away 
from NRB. 
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Figure 3.18 Experimental setup to determine the movement of 1 M urea using 
discontinuous buffers: 20 mM acidic buffer (pH 5.25) and 20 mM basic buffer          
(pH 10.25). 
The experimental results of urea sample in discontinuous buffers at 200 nm and 
214 nm is shown in Figure 3.19. After a large urea plug shown up, a sharp unknown 
peak was observed (around 20 min) at 200 nm. Interestingly at 214 nm wavelength, the 
unknown peak still existed while the urea plug disappeared. Therefore, this unknown 
peak came from the urea sample, but it was not the urea.  
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Figure 3.19 Experimental results of urea sample in discontinuous buffers at 200 nm and 
214 nm during 30 kV voltage application, MO (---) marked the initial buffer junction. 
In addition to above blank experiment, four different lots of urea, BCBD7141V, 
057K01321, 109K00821 (Sigma) and 41058130 (EM Science), have been used to 
confirm the blank experimental results. Similar peaks as the one at 20 min in Figure 
3.19 were observed in three cases, with varying peak heights and widths. This indicated 
that the signal likely originated from impurities or degradation products in the reagents.  
3.5.3 MALDI MS Analysis 
After successful removal of urea from enriched protein by CE, to illustrate the 
benefit of our protein enrichment and purification technique, offline MALDI MS 
analysis was conducted. Following protein enrichment, one end of the capillary was 
repositioned to outside of the CE instrument (shown in Figure 2.3 in chapter 2). 
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Pressure was applied to push the capillary content out of the capillary as fractions of    
ca. 40 nL droplets. These droplets were spotted onto the MALDI MS target pre-
deposited with CHCA.  
The mass spectrum obtained from the fraction that contained most of the 
myoglobin is shown as the black trace in Figure 3.20. For comparison, an untreated 
sample consisting of 100 ng μL-1 myoglobin and 1 M urea was spotted from a capillary 
in the same way for MS analysis (shown as the red trace in Figure 3.20). Despite the 
higher concentration, the untreated sample resulted in lower MS signal intensities. This 
illustrated that the enrichment and purification of myoglobin was successful by our 
technique. It also facilitated the subsequent offline MALDI MS analysis, and substantial 
improvement in the quality of the mass spectrum was evident. 
 
Figure 3.20 MALDI mass spectra of myoglobin: from an untreated 100 ng μL-1 sample 
in 1 M urea (—), and from a 10 ng μL-1 sample in 1 M urea after enrichment and urea 
removal (—). 
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In summary, after understanding the mechanism of the NRB formation and the 
electrophoretic migration of various ions during the protein enrichment by simulation 
and experiments, we can manipulate NRB behaviours by controlling the discontinuous 
buffer composition. The removal of urea as an unwanted background molecule from the 
enriched protein sample was successful achieved using the discontinuous buffer system 
consisting of 20 mM ammonium acetate buffer (pH 5.25) and 20 mM ammonium 
acetate buffer (pH 10.25). 
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Chapter  4:  Conclusions and Future Work 
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4.1 Conclusions 
Capillary electrophoresis, with the use of suitable discontinuous buffers, can 
serve as an effective tool for sample preparation for proteins in small sample volumes. 
A selection of discontinuous buffers, and their pH conditions, had previously been 
studied and demonstrated to work effectively.[1-3] However, a systematic study to look 
at the effect of buffer composition on the migration of ions within the discontinuous 
buffers has not been reported. In this work, the use of Simul 5 together with 
experimental validation for such an investigation was reported. The results concluded 
that the pH junction formed from discontinuous buffers in CE behaves as a NRB, with 
its mobility mostly determined by the pH of the buffers, and to a lesser extent, by the 
buffer concentrations. Simul 5 correctly predicted the direction and velocity of the 
NRB, and therefore is invaluable in understanding the migration of various ions in the 
discontinuous buffers.  
These findings allowed us to effectively manipulate the behaviour and properties 
of the NRB, and in turn facilitated the simultaneous myoglobin enrichment and the 
removal of urea in the sample background. An enhancement in MS signals was 
illustrated by an offline MALDI mass spectral analysis. 
4.2 Future Work 
While the NRB movement has been characterized as a function of pH and 
concentration of discontinuous buffers in this work, we successfully developed a 
method to remove a neutral molecule, urea, from a protein sample. Furthermore many 
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sample background molecules can be removed by this method as well. It is not limited 
to neutral molecules, but can also work for weak acid/base. As a future work, one weak 
acid example is shown below. 
Dithiothreitol (DTT) is frequently used to reduce the disulfide bonds of proteins 
and it is necessary to remove the excess DTT from the protein sample solution for 
further analysis.[4] In order to perform this clean up, the discontinuous buffer system 
which contains 20 mM ammonium acetate buffer (pH 5.25) and 20 mM ammonium 
acetate buffer (pH 10.25) can be used. DTT is negative charged in the base buffer, and 
as similarity to urea it will become neutral at the initial buffer junction while protein 
stacks at the NRB. Thus the goal of protein purification can be reached.   
Up until this point, we only focus on the application of pH combination of 
5.25/10.25, which causes the NRB to move towards anodic direction.  In section 3.3, it 
demonstrated NRB can move towards the opposite direction (cathodic) under the pH 
combination of 4.25/8.75. In this case, the initial buffer junction can also be moved 
away from NRB. Thus it is possible to develop a method to remove background ions by 
the pH combination of 4.25/8.75, which is suitable for proteins that are sensitive to the 
higher pH of basic buffer. 
In section 3.1, we mentioned about the shift of peaks between runs and 
illustrated that it was caused predominantly by EOF. It is important to find a coating 
that is able to stabilize EOF between different runs. So our second direction of future 
work is to find a “perfect” coating to overcome the EOF issue.  
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In addition to the development and improvement of experimental parts, the 
application of computer simulation is another important part that needed further 
research. As one of the most powerful tools, Simul 5 has been chosen to simulate our 
discontinuous buffer system to help us understand the ion migration behaviour inside 
the capillary in this work.[5] Simul 5 provides many template constituent for users to 
choose from, or users can create a new constituent if it does not exist in the program 
already. In addition it is convenient to adjust pH and concentration of the composition. 
Based on these advantages, the application of the computer simulation program can be 
extended to other discontinuous buffer systems that we have developed. Thus, a better 
understanding on the effect of buffer choices will be achieved. 
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Appendix 1: Capillary Electrophoresis 
79 
 
As a rapidly developing separation technique, capillary electrophoresis (CE) is 
attractive in analytical chemistry as it offers high separation efficiency, and the ability 
to handle small-volume samples due to the low sample consumption in the capillary.  
[1, 2] The electrophoretic separation is based on the differential velocities of analytes 
( ) in an applied electric field which in turn, is defined by the electrophoretic effective 
mobility of analytes (   ) (the ratio of charge/size) and the field strength (  )        
(applied voltage/capillary length), as shown in Equation A.1 and A.2. In general, small, 
highly charged analytes have fast electrophoretic effective mobility.  
                       (Equation A.1) 
   
 
    
                (Equation A.2) 
  :   The velocity (m s-1) of ion 
   : The electrophoretic effective mobility (m
2 
V
-1 
s
-1
) of analytes 
  :   The electric field strength (V m-1) 
  :   The ion charge (C) 
  :   The solution viscosity (pa s) 
  :   The ion radius (m) 
 
 Electro-Osmotic Flow 
Addition to the migration of analytes, another important movement during 
voltage application in CE is the net flow of the bulk solution inside the capillary due to 
electro-osmotic. Electro-osmotic flow (EOF) is generated by the surface charge on the 
inner capillary wall. The silanol groups (-SiOH) on the inner wall of the capillary can be 
easily ionized from -SiOH to -SiO
-
, resulting in a net negatively charged surface. When 
the capillary is filled with a solution, positive ions from the solution accumulate around 
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the negatively charged surface due to electrostatic interactions. Upon voltage 
application, these positive ions move towards the cathode carrying the bulk solution in 
the same direction, generating EOF (Figure A.1).  
 
Figure A.1 (A) Schematic representation of the double layer at the capillary wall.      
(B) Bulk flow towards the cathode upon the application of voltage. 
As a fundamental constituent of CE operation, EOF can be expressed in terms of 
electro-osmotic mobility (    ) by Equation A.3. It shows that the magnitude of EOF is 
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dependent on the zeta potential ( ) which in turn, affects by pH and ionic strength of 
solution.[3, 4] At high pH, the silanol groups are mostly deprotonated, which causes 
more positive ions gathering near the wall and induces a fast EOF. At low pH, silanol 
groups become protonated and results in a slow EOF. Apart from pH, another important 
factor that affects EOF is the ionic strength. A high ionic strength compresses the space 
between negatively charged inner wall and positive ions and thus decreases EOF. 
Conversely, a low ionic strength leads to an increase of EOF.  
                         (Equation A.3) 
     : The electro-osmotic mobility (m
2 
V
-1 
s
-1
) 
                                   : The dielectric constant 
                                   : The zeta potential (V) 
                                  :   The solution viscosity (pa s)  
Capillary Coating  
One challenge for protein analysis by CE is the negatively charged inner 
capillary wall causes the adsorption of proteins on the capillary wall. To prevent the 
protein adsorption and control EOF, many capillary coatings have been developed. 
They can be categorized as dynamic[5], permanent,[6] and semi-permanent coating.[7] 
For dynamic coating, the coating reagent is present in the running buffer as an additive, 
and coating reversible adsorbs on the wall. Hence the coating reagent must be kept in 
the running buffer all the time. To form a permanent coating, a modifier is used to 
deactivate or neutralizes the anionic charge of silanols on the inner walls. It only 
requires flush once and does not present in the running buffer. However, it is difficult to 
design a permanent coating for all possible EOF and the coating procedures are 
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normally complex. Semi-permanent coating is more stable than dynamic coating and 
only require flushed through the capillary be ore each experiment r n  L cy’s  ro p 
introduced a phospholipid bilayer coating, 1,2-dilauroyl-sn-phosphatidylcholine 
(DLPC), which has became one of the commonly used zwitterionic semi-permanent 
coatings. This coating has the advantages of easy preparation, strongly adsorbing onto 
the capillary wall, and effective prevention of analytes adsorption especially for cationic 
species.[8] As an ideal coating material, DLPC has been utilized in our lab for the 
protein/peptide enrichment in a discontinuous buffers system by CE to avoid adsorption 
of proteins and adjust EOF.[9-11] In this work, it was chosen as the capillary coating 
due to the same reason.  
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